Abstract. Activating transcription factor 6 (ATF6), one of three sensor proteins in the endoplasmic reticulum (ER), is an important regulatory factor in the ER stress-induced apoptosis pathway. Although recent studies have made some progress in elucidating the regulation mechanism of ATF6, the specific regulatory mechanism of ER stress-induced vascular endothelial cell (VEC) apoptosis is still unclear. The present study was designed to investigate the role of ATF6 in VECs under thapsigargin (TG)-induced ER stress. ATF6 (1-366aa; ATF6 high-expressed plasmid) and ATF6 (151-366aa; plasmid without transcriptional activity) were transfected into VECs to yield an ATF6 high-expression model and a positive control model, respectively. High expression of ATF6 decreased viability and aggravated ER stress-induced apoptosis in VECs. Increased expression of apoptosis-related genes, including those encoding caspase-3, caspase-9, C/EBP homologous protein (CHOP), cytochrome c and B-cell lymphoma-associated protein X (Bax)/B-cell lymphoma (Bcl-)2, was detected by polymerase chain reaction and western blotting in the ATF6 (1-366aa) + TG group. No significant effect of TG treatment and high ATF6 expression was indicated on the expression of death receptor-related genes, including those encoding caspase-8 and Fas. The results demonstrated that high expression of activated ATF6 aggravates ER stress-induced VEC apoptosis through the mitochondrial apoptotic pathway. Furthermore, in response to ER stress, ATF6 upregulates the expression of caspase-3, caspase-9, CHOP, cytochrome c and Bax/Bcl-2.
Introduction
As a barrier between vessel lumen and surrounding tissues, vascular endothelial cells (VEC) are involved in many aspects of vascular biology, including flow adjustment, substance exchange, prevention of lipid leakage, and inhibition of platelet aggregation. Highly developed endoplasmic reticulum (ER), which realizes secretion function of cells, is observed under electron microscopy in VECs, especially in regenerated vessel endothelium. This presence of the ER results in high sensitivity of VEC to ER induction factors. ER stress is a newly discovered pathway that can initiate the apoptotic process. Many pathophysiological processes and diseases, such as atherosclerosis, diabetes, ischemia/reperfusion and injury, are implicated in ER stress-induced VEC apoptosis (1) (2) (3) .
The ER is an important organelle in eukaryotes that provides an environment for proteins to synthesize, fold, and assemble, and offers storage sites for Ca 2+ . The ER is also involved in regulation of Ca 2+ balance and metabolism of cholesterol and phospholipids (4, 5) . Under the presence of induction factors, e.g. oxidative stress, hypoxia, calcium dyshomeostasis, and virus infection, ER stress tends to be induced by the massive accumulation of unfolded and misfolded proteins (6) (7) (8) (9) . Unfolded protein response (UPR), endoplasmic reticulum-overload response (EOR), and sterol regulatory cascade are three signalling pathways that are activated to help maintain cellular homeostasis. When severe stress is continuous, cell apoptosis processes are eventually induced (10) .
UPR is the most important and most clearly studied pathway (11, 12) . In the early stage of ER stress, through the UPR pathway, misfolded proteins are eliminated and correct protein folding is promoted to recover cellular physiological function and to re-establish ER homeostasis. UPR is mediated by binding immunoglobulin heavy chain protein (BiP)/glucose-regulated protein 78 (GRP78) along with three ER stress sensor proteins: Inositol requiring kinase (IRE), PERK, and activating transcription factor 6 (ATF6) (13) . ATF6 is a type 2 transmembrane protein kinase embedded in the ER. In response to ER stress, ATF6 is transported from the ER to the Golgi apparatus and cleaved into a transcriptionally active High expression of active ATF6 aggravates endoplasmic reticulum stress-induced vascular endothelial cell apoptosis through the mitochondrial apoptotic pathway p50ATF6. p50ATF6 then combines with the promoter of ER stress response elements in the nucleus, and induces expression of ER stress-related genes such as those encoding C/EBP homologous protein (CHOP)/growth arrest, DNA damage inducible gene 153 (GADD153), BiP/GRP78, X-box-binding protein 1 (XBP1), and calretinin, which regulate cell survival or apoptosis (14-16). Nakanishi et al (17) documented that ATF6 regulates ER stress-induced apoptosis of myogenous cells by activating caspase-12. Morishima et al (18) found that ATF6 in rat myoblasts regulate cell apoptosis by specifically suppressing Mcl-1 and up-regulating WBP1. The regulatory pathways of activated ATF6 in different cells are not the same, so the mechanism and pathway in ER stress-induced VEC apoptosis is still unclear. Therefore, the present study used thapsigargin (TG) as an ER stress inducer to investigate the role of ATF6 in VEC apoptosis in response.
Materials and methods
Recombinant plasmids construction. Recombinant plasmids ATF6 (1-366aa) and ATF5 (151-366aa) were purchased from Shanghai Transheep Biotechnology Co. Ltd., Shanghai, China). ATF6 (1-366aa) was ATF6 high-expressed plasmid, the specific sequences is 5'-CCC AAG CTT ATG GGG GGA GCC GGC TGG GGT-3' for sense primer and 5'-ACG CGT CGA CGT TCT CTG ACA CAA CTT CAT-3 for reverse primer. ATF6 (151-366aa) was plasmid without transcriptional activity, the specific sequences is 5'-CCC AAG CTT ATG GAT AAG CCT GTC ACT GGT CC-3' for sense primer and 5'-ACG CGT CGA CGT TCT CTG ACA CAA CTT CAT-3' for reverse primer.
Cell infection and treatment. VECs (HUVEC-12 cell line) were purchased from Bogoo Biotechnology Co. Ltd. (Shanghai, China). Cells in logarithmic growth phase were seeded into a 6-well plate and cultured for 24 h. Transfection of recombinant plasmids of ATF6 (1-366aa+) and ATF6 (151-366aa) was performed with Invitrogen Lipofectamine™ LTX according to the manufacturer's instructions (Thermo Fisher Scientific Inc., New York, NY, USA). Two microgram of Pires2-ZsGreen1-vector or pIRES2-ZsGreen1-ARHGAP18 (Sangon Biotech Inc., Shanghai, China), 5 µl of Lipofectamine™ LTX (Thermo Fisher Scientific Inc.) and 250 µl Opti-MEM (Shanghai Haoran Biological Technology Co. Ltd., Shanghai, China) were mixed and incubated at room temperature for 25 min. Five hundred microlitre of the mixture was added to a 6-well plate with RPMI 1640 medium (Thermo Fisher Scientific Inc.). Then, after 48 h, the transfected cells were harvested for subsequent experiments. Western blotting was performed to detect the expression of ATF6 to test transfection efficiency.
CCK-8 assay. Cells in TG, ATF6 (151-366aa) + TG and ATF6 (1-366aa) + TG groups were treated with 1 µM TG for respectively 12, 24 and 48 h. Cell viability in each group was detected by using CCK8 kit (Shanghai Genomeditech Co., Ltd., Shanghai, China). Cells were seeded into 96-well plats at amount of 100 µl per well, then were incubated at 37˚C in 5% CO 2 incubator for 4 h. Cells were added by 10 µl each well CCK reagent, then incubated at 37˚C in 5% CO 2 incubator for 1-4 h. The optical density (OD) was observed at 450 nm by a microplate reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Flow cytometr y (FCM).
Cells in TG only, ATF6 (151-366aa) + TG, and ATF6 (1-366aa) + TG groups were treated with 1 µM TG for 48 h to induce ER stress. Cells in these three experimental groups plus the normal control group were seeded into 6-well plates at a density of 2x10 4 cells/well, and digested and collected with EDTA free trypsin (Beijing Solarbio Technology Co., Ltd., Beijing, China). The cells were then stained with Annexin V-FITC and propidium iodide (Qcbio Science and Technologies Co., Ltd., Shanghai, China), and incubated at room temperature for 15 min in a dark place. The cultures were then analysed by EPICS XL-MCL flow cytometry (Beckman Coulter, Fullerton, CA, USA) at an excitation wave length of 488 nm and an emission wavelength of 530 nm. The experiment was run three times, and the apoptosis rate for every group was calculated.
RT-PCR.
RT-PCR and SYBR Green I chemistry (Beijing Solarbio Technology Co., Ltd.) were applied to investigate the expression of genes in the study. Cells in each group were seeded into 6-well plates at a density of 2x10 4 cells/well, the total RNA of cells were extracted with Trizol (Thermo Fisher Scientific Inc.), purity and concentration of the extracted RNA were measured on a UV spectrophotometer (Thermo Fisher Scientific Inc.). cDNA was synthesized by reverse transcription, and fluorescence quantitative detection of the target gene was performed afterwards. β-actin was applied as the internal control to monitor the RT-PCR efficiency. All RT reactions were performed in triplicate. The primers were designed by Sangon Biotech Co., Ltd. The specific primer sequences for each gene were listed as the follows: 5'GCT GGA AAG CAG CGC ATG AA3' and 5'GCG AGT CGC CTC TAC TTC CC3' for CHOP (product: 126 bp); 5'TGT CAC TGC GGG AAG GTC TC3' and 5'AGG TGC ACA CAT CCT TGG CT3' for Cyt C (product: 144 bp); 5'GCC AGC AAA CTG GTG CTC AA3' and 5'CCA ACC ACC CTG GTC TTG GA3' for Bax (product: 126 bp); 5'AGT GGG ATG CGG GAG ATG TG3' and 5'GGT GGA CCA CAG GTG GCA3' for Bcl-2 (product: 198 bp); 5'GCC CTG TCC TCC AGG TGA AA3' and 5'CTG GGT CCG GGT GCA GTT TA3' for Fas (product: 187 bp) and 5'GCC GGG ACC TGA CTG ACT AC3' and 5'GTC AGG CAG CTC GTA GCT CT3' for β-actin (product: 188 bp).
Western blotting. Cells in control, non-transfected ATF6 (151-366aa) and ATF6 (1-366aa) groups were harvested and washed twice with PBS, and protein lysed in ice-cold radioimmunoprecipitation assay buffer (Whiga Technology Co., Ltd., Guangdong, China) with freshly added 0.01% protease inhibitor phenylmethanesulfonyl fluoride (PMSF) (Sigma-Aldrich Co., LLC, Darmstadt, Germany). The cells were incubated on ice for 30 min and then centrifuged at 10,000 x g for 5 min at 4˚C. The supernatant (20-30 µg of protein) was collected, resolved by 10% sodium dodecyl sulphate polyacrylamide gel electrophoresis (Bio-Rad Laboratories, Inc.), and subsequently transferred to a nitrocellulose membrane via western blotting (Millipore, Shanghai, China). Then the expression of protein cleaved-caspase-3, cleaved-caspase-9, cleaved-PARP, cleaved-caspase-4, cleaved-caspase-12, CHOP, cyt c, Bax, Bcl-2, pro-caspase-8, cleaved-caspase-8, Fas, phosphorylated-JNK, JNK and NF-κB were detected. Protein loading was estimated using mouse anti-β-actin monoclonal antibody (Beijing Solarbio Technology Co., Ltd.). Blottings were visualized using enhanced chemiluminescence (Thermo Fisher Scientific Inc.).
Statistical analysis.
All values were expressed as mean ± S.D. Differences between groups were assessed by means of variance analysis and student's t-test. P<0.05 was considered to indicate a statistically significant difference.
Results

High expression of ATF6 detected in ATF6(1-366aa)-transfected cells.
In testing the transfection efficiency, expression of ATF6 protein was detected through western blotting of ATF6 (151-3aa) and ATF6 (1-366aa) groups. The ATF6 protein was five times more highly expressed in cells that were transfected with the ATF6 (1-366aa) plasmid than in other groups (P<0.01) (Fig. 1A) .
TG treatment for 48 h decreased viability of VEC.
Cell viabilities in TG, ATF6 (151-366aa) + TG and ATF6 (1-366aa) + TG groups were inhibited under TG-induced ER stress compared to that inthe control group. ATF6 (1-366aa) + TG cells were the most sensitive to ER stress, showing the lowest viability. Cell viability after TG treatment decreased in a time-dependent manner. Furthermore, there was a significant difference among groups when the cells were treated with TG for 48 h (P<0.01 or P<0.05) (Fig. 1B) .
TG treatment significantly increased cell apoptosis rate.
Compared to that in the control group, cell apoptosis rates in three TG-treated groups increased, particularly in ATF6 (1-366aa)-transfected cells, with the highest significant increase from 5.50±0.43 to 37.41±2.99 5% (P<0.01). Moreover, the apoptosis rate in ATF6 (1-366aa) + TG group was 2.5 times higher than that in the TG only and ATF6 (151-366aa) + TG groups. This reflects that high expression of active ATF6 induces cell apoptosis under ER stress (P<0.01) (Fig. 1C) .
High expression of active ATF6 increased activation of caspase-3, caspase-4, caspase-9 and caspase-12 and cleavage of PARP. TG treatment increased cleavage of caspase-3, caspase-4, caspase-9, caspase-12, and PARP in VEC, when compared to that in the control group (P<0.01). In ATF6 (1-366aa) + TG group where active ATF6 was over-expressed, the protein levels of cleaved caspase-3, caspase-4, caspase-9, caspase-12, and PARP were significantly higher than those in TG only and ATF6 (151-366aa) + TG groups (P<0.01) ( Fig. 2A and B) .
High expression of active ATF6 increased expression of CHOP, cyt c, and Bax but led to decreased Bcl-2 protein levels.
RT-PCR and western blotting were conducted to analyse the expression levels of apoptosis-related proteins, including CHOP, cyt c, Bax, and Bcl-2. TG treatment of VECs for 48 h in TG, ATF6 (151-366aa) + TG, and ATF6 (1-366aa) + TG groups increased mRNA and protein levels of CHOP and cyt c in comparison with that in the control group (P<0.05). Expression of these mRNA and proteins in ATF6 (1-366aa) + TG group was significantly different from that in the TG and ATF6 (151-366aa) + TG groups (P<0.01). Expression levels of Bax mRNA and protein were up-regulated, while those of Bcl-2 were down-regulated by TG treatment (P<0.01). mRNA expression and protein levels of CHOP and Bax were nearly double in ATF6 over-expressing cells, while cyt c levels were approximately three times higher. Up-regulation of ATF6 led to a decreased expression of Bcl-2 ( Fig. 3 A-E) .
High expression of active ATF6 activated JNK/NF-Κb pathway.
The protein levels of total and phosphorylated JNK as well as total NF-κB were detected by western blotting. The ratio of p-JNK/JNK dramatically increased upon TG treatment (P<0.01). Phosphorylation levels of JNK was further elevated when active ATF6 was up-regulated in ATF6 (1-366aa) + TG (P<0.01). High expression of NF-κB was also observed in TG-treated groups, especially in active ATF6-up-regulated cells where the protein levels of NF-κB nearly doubled in comparison to that in the TG and ATF6 (151-366aa) + TG groups (P<0.01) (Fig. 4A) .
No significant effect of TG treatment and up-regulation of ATF6 was found on expression of death receptor-related genes.
In the present study, Fas mRNA and protein were determined using PCR and western blotting. The results showed no significant difference in its expression among control, TG, ATF6 (151-366aa) + TG and ATF6 (1-366aa) + TG groups (P>0.05) (Fig. 4B) . Moreover, the protein levels of pro-caspase-8 and cleaved-caspase-8 were also found to be not affected by TG treatment and ATF6 expression (P>0.05) (Fig. 4C) .
Discussion
As VECs are involved in numerous aspects of vascular biology, ER stress-induced VEC apoptosis may be related to numerous pathophysiological processes and diseases (19) . As a cell protection mechanism, ER stress reactions reduce protein translation or increase expression of ER BiP to protect cells from ER stress. However, recent research found that if the stress levels are elevated, three pathways including PERK, IRE-1 and ATF6 are activated to induce cell apoptosis (20) . ATF6 is one of three sensor proteins in ER stress that induce expression of ER BiP. It was shown that activated ATF6 can lead to natural apoptosis of rat myocytes during cell differentiation, which means that activated ATF6 is able to regulate cell apoptosis through activating expression of caspase-12 (17) . In rat myoblasts, it is theorised that high expression of activated ATF6 may induce cell apoptosis through down-regulating Mcl-1 and up-regulating WBP1. The pathways of activated ATF6 in regulating cell apoptosis are probably different in different cells (18) . Therefore, ATF6 (1-366aa; ATF6 high-expressed plasmid) and ATF6 (151-366aa; plasmid without transcriptional activity) were transfected into VEC to construct ATF6 high-expression model, and TG was applied as an ER stress inducer to explore the role of activated ATF6 in VEC under ER stress.
Apoptosis is a self-destruction process controlled by gene expression, which plays a crucial part in maintenance of homeostasis (21) . The mitochondrial pathway and the death receptor-mediated pathway are two classic cell apoptotic pathways that are regulated by caspase-9 and caspase-8, respectively. These pathways finally activate caspase-3 to induce cell apoptosis (22) . For example, when cells are stimulated by drugs, nutrient deficiency, and oxidative stress, caspase-9 and caspase-8 are cleaved and activated through diverse pathways, which leads to caspase-3-induced cell apoptosis (23) . Recent research reported that ER stress could also initiate apoptotic pathways, although the specific mechanism remained unclear (24).
It is believed that TG, a specific inducer of ER stress, can stimulate ER stress and eventually induce apoptosis in numerous types of cells (25) . In the present study, a reduction of VEC viability upon TG treatment was observed, along with a significant increase in the rate of cell apoptosis. In TG-treated VEC, cleaved-caspase-3 and cleaved-caspase-12 levels were both elevated, which implies that TG can induce apoptosis of VEC through ER stress.
Ito et al documented that in TG-treated mouse embryonic fibroblasts, there is an increase in Ca 2+ concentration, reduction of mitochondrial membrane potential, release of cyt c from the mitochondria, cleavage of caspase-9 and caspase-12, and activation of caspase-3, along with cell apoptosis. This indicates that the mitochondrial pathway is possibly implicated in ER stress-induced cell apoptosis (26) . Mitochondria plays a crucial role in the signal transduction process of cell apoptosis, and altering the permeability of the mitochondrial inner membrane is a necessary and sufficient requirement for cell apoptosis (27) . In response to external stimuli, permeability of the mitochondrial inner membrane is changed, and pro-caspase-9 is activated by released cyt c to activate other caspases such as caspase-3, which results in cell apoptosis (28) . Our study found that upon TG treatment, cyt c expression was up-regulated with activation of caspase-3, caspase-4, caspase-9, caspase-12, and PARP. Over-expression of ATF6 further increased their protein levels as well as that of CHOP. Moreover, activation of JNK/NF-κB was also detected in ER stress-induced cell apoptosis, especially during ATF6 over-expression, which further supports the role of the mitochondrial pathway.
On the other hand, we found that in VEC with highly expressed and activated ATF6, the expression of mRNA and protein levels of death receptor-related proteins caspase-8 and Fas was not significantly increased in comparison with that in the control groups. This indicates that the death receptor-mediated pathway may not take part in the ATF6-induced apoptotic process. After the cell was stimulated for apoptosis, cyt c was rapidly released from the mitochondria into the cytoplasm, which is a key event in cell apoptosis (29) . In the present study, expression of cyt c and caspase-9 was significantly increased in active ATF6 highly expressing cells, which supports the relationship between ATF6 up-regulation and cyt c release and subsequently, caspase-9 activation.
In mammalian cells, the Bcl-2 family plays an important role in the mitochondrial pathway-mediated cell apoptosis. Different family members play different roles in the apoptotic process. The interaction of anti-apoptotic genes and pro-apoptotic genes is influenced by different levels of reactive oxygen species (ROS), so the relative ratio of pro-apoptotic genes and anti-apoptotic genes of a cell is the key factor in deciding cellular survival or death. At the centre of apoptosis regulation by the Bcl-2 family, lie Bcl-2 and Bax. The expression of Bcl-2 and Bax proteins was used asa marker for apoptosis in the present study (30, 31) . In tumour cells, many apoptosis-stimulating factors induce the mitochondrial pathway-mediated cell apoptosis through down-regulating the expression of apoptosis inhibitor proteins such as Bcl-2 and Bcl-x L , or up-regulating expression of pro-apoptotic proteins like Bax, Bad, and Bid (32) . In the present study, we found that the expression of Bax was significantly up-regulated when levels of Bcl-2 were down-regulated in active ATF6 high expressing cells, which indicated that active ATF6-mediated mitochondrial pathway regulates cell apoptosis through down-regulation of the Bcl-2/Bax ratio.
Fas and caspase-8 are two of main members in death receptor signalling pathway. Transmembrane receptor Fas belongs to tumor necrosis factor super family, and induces apoptosis of numerous types of cells. The death domain in the intracellular region of Fas plays a crucial part in transduction of apoptotic signal. Research has reported that Fas is extensively expressed in immune cells such as activated T cells, B cells, natural killer cell and monocyte, and is also found in histocytes, endothelial cells and epithelial cells (33) . Fas combines with Fas ligand (FasL), and links with the death domain of Fas-associated death domain protein (FADD) (34) . The death effector domain in the n-terminal of FADD peptide chain can gather caspase-8 zymogen to inform death inducing signalling complex (DISC) with Fas receptor, leading to activation of caspase-8 and eventually resulting in activation of caspase-3. Activated caspase-3, as the key effector enzyme in apoptosis signal transduction, induces cell apoptosis at the end (35, 36) . The result of the present study manifested no significant difference in the levels of Fas as well as pro-and cleaved-caspase-8 among experimental groups. It was implied that ER stress-induced VEC apoptosis is likely not through the death receptor signalling pathway, and ATF6 does not affect the activation of the pathway.
The present study probed into the role of active ATF6 in response to ER stress-induced VEC apoptosis, and demonstrated that high expression of active ATF6 could aggravate VEC apoptosis through mitochondrial apoptotic pathway. The main limitation, however, is no comparison of the influences of high expression of active ATF6 between cells with the coding plasmid but no TG and those which are submitted to stressful condition. Whether ATF6 alone is implicated in the cause of apoptosis in VEC or any other cell type is required to be further studied.
